Calcium Sulphate Hemihydrate
Introduction
An extensive literature has grown around the subject of calcium sulphate, embracing work prompted not only by the technical importance of plaster of Paris but also by the peculiar inter-relations between the several forms of calcium sulphate. The dihydrated salt (gypsum, selenite) and the orthorhombic anhydrous salt (anhydrite) have long been known as common minerals and their chemical and crystallographic characters are well established. About the hemihydrate (plaster of Paris) and the active, hard-setting anhydrous modification (soluble anhydrite), which do not occur in nature, there is less certainty. Agreement has so far not been reached upon these substances as crystal species, nor yet upon the nature of the changes by which they pass one into another and into the stabler modifications. Conflicting statements are, moreover, to be found in the literature as to whether there are polymorphs of each of the above-named substances, and if so, how many.
T he H emihydrate C rystal
Since the substance was first isolated* in the form of prismatic crystals, not exhaustively examined, various authors have prepared and described crystalline hemihydrate. This latter may be obtained either by protracted contact of the solid dihydrate with hot acid or saline solutions, or by crystallization, at temperatures well above the ordinary, out of solutions of calcium sulphate in moderately concentrated hydrochloric or nitric acid. The crystal has variously been assigned to all the known systems except the cubic and the tetragonal; but there is unanimity to the effect that it is of acicular habit and consists of six-sided prisms. The crystals observed appear for the most part to have been of microscopic size. Recently, however, Onorato* and Gallitellif have dealt with crystals large enough for goniometric and X-ray investigations, and to the latter, especially, we owe a thorough study of the crystal and its structure. Both authors consider the crystal to be monoclinic, the former finding a -12-07 A, c = 6-40, [3 = 92°, z = 6; the latter 11 -94, b = 6-8 c = 12-70, (3 = 89° 24', z = 12. Now for the monoclinic system the number of molecules Z per unit cell is normally 2, 4, or 8, and such Z numbers as 6 and 12 could only be accounted for by somewhat improbable hypotheses. A re-examination of the crystal has therefore seemed desirable.
For the preparation of sizable crystals the following method was found useful. Of aqueous nitric acid (50-60% H N 03), 300 cc are warmed on a water-bath, and 8-9 gr of precipitated CaS04 . 2HaO are stirred in little by little. When all is dissolved, the clear liquid, preferably in a conical flask with a loose stopper of glass wool, is kept at 80°-90° in an air-bath or other heating contrivance. Crystals soon form spontaneously, and are allowed to grow during 1-2 weeks. In addition to visible crystals, there is usually a crop of microcrystalline crusts, from which the former can be picked out after washing with alcohol and drying.
The crystals were readily grown to diameters of 1 mm and lengths of 5-6 mm; this ratio of length to breadth was adhered to with fair con stancy irrespective of size. They have the forms of hexagonal prism 1010 and obtuse rhombohedron 1012. In rare instances small developments of the base 0001 and of the negative primary rhombohedron 1011 were detected at the corners. No taces, or arrangement of faces, indicating hemimorphic or enantiomorphic structure were noted in a large number of crystals examined^ Cleavage is all but absent; a slight tendency to cleave along both 1010 and 1012 was, however, observed. Frequent and well-marked etch-figures occur on the rhombohedron faces, in the form ot parallel striae along the shorter diagonal of the rhombohedron. Since these striae were commonly found on all three faces, they afford direct evidence of trigonal symmetry.
Smaller crystals are readily obtained by cooling acid solutions from boiling to temperatures of 60° or 70°. These are from O'01 to 0-05 mm thick and their length is relatively greater, namely, 20 or even 30 times the thickness. Among them many are found with the primary rhombohedron 1011 well developed.
Hemihydrate crystals are stable in closed receptacles; after long ex-% posure in the open, however, they become spotted with centres from which minute needles of C aS04 . 2HaO radiate. They showed water contents, by analysis, which fluctuated between 5*5 and 6-5%.
X-Ray Examination
The first step was to make sure of the symmetry class. To this end rotation spectrograms were first taken about the a axis of one and the same crystal, rotation being carried out about each of the three axes in turn. The resulting spectrograms were identical in every detail. Incidentally, the reflexion spots were in all three gathered into clear-cut layer lines corresponding to a definite cell dimension of 6*82 A, so that the crystal cannot be an orthorhombic pseudohexagonal twin, as surmised by Linck and Jung,* and others. In the second place, Laue spectrograms were photographed through the 0001 plane, care being taken to set the crystal truly parallel to the beam. The result is reproduced in fig. 1 , Plate 1, where the inset hexagon shows the setting of the a axis. It will be per ceived that the symmetry of the Laue diagram is plainly trigonal. There are thus three lines of evidence, inclusive of the striations upon 1012, for placing the hemihydrate in the trigonal symmetry system. Laue spectrograms through the prism's sides showed a plane of symmetry normal to lOlO and a dyad axis normal to 1120.
Rotation spectrograms were taken about the a and c axes and the aV3 axis normal to the prism face, with the results given below.
There are no systematic abnormal spacings (halvings).
If the substance were a true hydrate CaS04 JrHaO, the density of the crystal would be calculated from the values of a and c as 2*87, which is not far removed from that of orthorhombic anhydrite and is conse quently an impracticable figure.
The true density is best arrived at by calculation from that of soluble anhydrite, namely, 2-70 ( s e eb elow), assuming that of adsorbed w be unity, thus:
d (136 1 X 2'70) + 9 _ 2 gQ 145-1
Densities given in the literature fluctuate considerably above and below this value. Each (hexagonal) unit cell contains three molecules of C aS04, or six lattice units.
To determine the space-group, it was necessary to decide whether the lattice is hexagonal or rhombohedral. In crystals of marked acicular habit, a rhombohedral lattice is improbable. Applying Wyckoff's* cri terion to the indices of planes appearing in the above list, we further note that most of them are such that -+ is not divisible by 3. The lattice may therefore be taken as hexagonal. The general symmetry of the crystal being that of the calcite class (rhombohedral holohedry) and halvings in the pyramid zones being absent, the space-group will then be either D |d or D!d.
For a hexagonal unit cell of 3 molecules of CaS04, the arrangement of the Ca++ and S 0 4~-ions follows from the known dimensions of these ions. By analogy with mineral anhydrite, of which the structure is known,t Ca may be placed in equidistant alternation with S 0 4 along the c axis. The cell cannot be face-centred, for in that case two S 0 4-ions would have to stand in identical orientation upon 1010 at a distance of 6-82 x ^ = 3-4 A. With the accepted configuration of S 0 4-as a tetrahedron with atoms of 2-5 A diameter around a S atom of approxi- mately 0 • 6 A diameter, the minimum distance between ion centres would be 2-5 (1 +^t a n 34° 44') = 4-26 A. In view of the large space taken up by S 04 , the only possible packing scheme is found to be that shown in fig. 2, a, b , and c, according to which like ions in the body of the cell are stepped up along the c axis at distances of 1/3 c and 2/3 c. In the figures, the atomic domains are shown pro jected upon these several heights of the 0001 plane; the large circles represent sulphate oxygen atoms, of which groups of four are packed tetrahedrally around sulphur atoms not shown. Calcium ions are drawn as shaded circles; for their diameter the rounded value of 2'1 A has been taken. The structure here proposed provides the requisite axial sym metry of the cell and gives a high reticular density to the important 1012 rhombohedron, on which alternate rows of Ca and S 0 4 are arranged in nearly equilateral triangles, distance between like ions 4-47 A, between unlike 4-08 A. This arrangement agrees with the observed etch-figures upon that face.
There remains the disposal of the combined water. A unit cell con taining three CaS04 molecules will not suit a definite hydrate of the com position CaS04^H20 . In recent years, however, evidence has been accumulating* that the water contained in hemihydrate is held by ad sorption, in the same way as that of the crystalline zeolites; no definite positions for H 20 molecules need therefore be expected in the lattice. If in the unit cell of fig. 2 the various atomic domains be regarded as approximately spherical, it becomes evident that empty spaces lie around the Ca++ ions, even though the structure is well braced together by con tacts between O atoms, and these spaces form continuous channels of uneven width and tortuous course. Assuming spherical atomic domains throughout, the lacunae would hardly be wide enough to admit water molecules of 2 • 8 A diameter; but this assumption is certainly no more than an approximation. Thus the channels in question provide a kind of micro-porosity similar to that of hydrated gels, whereby the adsorption equilibria of hemihydrate with water vapour may be explained.
Soluble A n h y d rite
Under this name the product of the dehydration of calcium sulphate hemihydrate by heat or by exsiccation in vacuo has been distinguished from orthorhombic natural anhydrite, from which it differs in reacting promptly with water or water vapour with regeneration of the hemi hydrate. The substance has hitherto been known only in finely divided form. It is never quite anhydrous, f When transparent crystals of hemihydrate, prepared as above, are placed in an exsiccator over concentrated sulphuric acid, or when they are heated to 130°, they yield pseudomorphs consisting of almost an hydrous CaS04. The larger crystals become white and opaque, without much loss of mechanical strength; loss of transparency only sets in when about 2% of water have gone out and about 4% remain. Small crystals, especially those of 0-05 mm thickness and under, remain per fectly transparent, but show slight fissures here and there along 1012 and 1010. The appearance of crystals before and after dehydration is shown in figs. 3 and 4, Plate 1. On exposure to moist air, these pseudomorphs adsorb water up to hemihydrate composition within a few hours; the small ones remain transparent as before, the larger ones, however, do not regain transparency, but have the same appearance as when anhydrous. Microscopic examination of these larger crystals shows that their opacity is caused by innumerable fissures along 1010 and 1012; for this reason the crystal cannot regain transparency when re hydrated.
X-ray rotation spectrograms of the opaque anhydrous pseudomorph were taken about the a and c axes with precautions against rehydration. The resulting spectrograms were in every way identical with those of the original hemihydrate. If there are any differences between the spacings of the hydrated and dehydrated crystal planes, they fall within the limit of error of the X-ray method employed, namely, about 0*5%. This result agrees with the observations on the powder-spectrograms of the respective substances made by Feitknecht* and others. It is noteworthy that no sign of rings appeared in the rotation photographs; hence the opacity of the pseudomorph is not caused by any disorientation of frag ments within the crystal.
The conclusion is that there is no difference between hemihydrate and soluble anhydrite, regarded as crystal species. The passage of adsorbed water from the former (about 6 0% H 20) to the latter (0-4% of water and under) and vice versa proceeds without any change in the lattice. Soluble anhydrite is a crystal of the trigonal (rhombohedral) system, a = 6 • 82 A, c = 6 *24 A. By calculation, the density of soluble anhydrite is found to be 2-70.
Attempts were made to produce the crystal directly from hot saturated solutions of CaS04 in concentrated sulphuric acid, with appropriate seeding. Although the bisulphate CaS04 . H 2S 04 is the stable solid phase, soluble anhydrite might conceivably separate out metastably. No crystal other than the bisulphate was, however, obtained.
It has been claimed* that two forms of soluble anhydrite exist, pro duced by the dehydration of hemihydrate and dihydrate respectively. Differences in behaviour towards water and water vapour may un doubtedly be shown by essentially one and the same modification of calcium sulphate when it is present in different forms of subdivision; but there remains the question whether these anhydrites are distinct crystal species. X-ray powder spectrograms were therefore taken of anhydrites prepared as follows:
(1) by dehydration of microcrystalline hemihydrate in vacuo over phosphorus pentoxide; (2) by dehydration of the same in dry air at 150°; (3) by dehydration of precipitated microcrystalline CaS04 . 2HaO over phosphorus pentoxide; (4) by dehydration of fully hydrated plaster of Paris in dry air at 120°.
The spectra so obtained were all alike and all identical with that of hemihydrate. Moreover, since the lines of this spectrum are easily distinguishable in spacing and intensity from that of orthorhombic an hydrite, it could be observed that none of the latter, or not enough to affect the spectrogram, had been formed during dehydration.
It appears, therefore, that the crystalline substance constituting soluble anhydrite is always the same, regardless of the method of preparation.
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Summary
The preparation, properties, and morphology of single crystals of calcium sulphate hemihydrate are described. X-ray analysis of the crystal gives the probable (trigonal) space-group and arrangement of ions in the lattice. The structure so formed leaves channels between Ca++ and C 0 3_" ions, along which H aO molecules can circulate.
Dehydration of calcium sulphate hemihydrate under conditions short of conversion into anhydrite causes slight mechanical changes in the crystal but leaves the lattice unaltered. It is shown by X-ray spectrography that the dihydrate (gypsum) and hemihydrate yield the same substance under the above conditions, and it is concluded that there is only one crystal species intermediate between anhydrite and dihydrate. 
